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Abstract 
 We propose a new simulation procedure for the curing reaction of epoxy resin by coupling 
quantum chemical (QC) calculations with molecular dynamics (MD) simulations. A 
polymer network formation composed of base resin and curing agent is investigated using 
the present simulation. Relationships between the atomistic structures in the system and 
their material properties derived from the simulations are also studied. The polymer network 
formation includes the reaction between epoxy resin and curing agents. Accurate activation 
energy and heat of formation are required for simulating the reaction. In this study, we 
introduce the ab initio QC calculation to the MD simulation to determine out the reaction 
pathways. To validate our proposed simulation, we experimentally measured densities, 
thermal characteristics and mechanical properties. The simulated results agree with 
experiments. The simulated results also indicate that branching structures of monomers 
 
 
causes the coarsening of the network formation of epoxy resin, so that the glass transition 
temperature (i.e. Tg) tends to increase. In contrast with Tg, the densities and Young’s 
modulus are dominated mainly by the backbone structure of monomers and the degree of 
conversions.  
 
 
  
 
 
 
I. INTRODUCTION 
Carbon fiber-reinforced plastic (CFRP) exhibits superior strength and stiffness while 
maintaining its light weight. In recent years, CFRPs have been applied to such industrial 
fields as production, aerospace engineering, civil engineering, and wind energy production 
[1-3]. Their application to structural members of an aircraft can reduce specific fuel 
consumption and increase the payload capacity [4]. Research and developments of 
composite materials have been actively performed to improve their properties. Specifically, 
the thermosetting resin, which is used as matrix material and controls the properties of 
composites, has been widely studied. 
Epoxy resin, which is the generally used matrix in CFRPs, can be produced using the 
chemical reaction between a base epoxy resin and a curing agent to form a three-
dimensional cross-linked structure. Because there are so many combinations of curing 
agent and base epoxy, it is very difficult to select the appropriate thermosetting resin.  
Molecular Dynamics (MD) simulation, whose applicable field has increased drastically 
in recent years, is an ideal support tool to select the appropriate combination. Several 
studies have been reported in the past decade. For example, Fan et al. simulated a curing 
process of epoxy resin using 628 atoms, and then measured the glass transition temperature 
(Tg) and the elastic modulus [5]. Similarly, Wu et al. predicted the Tg and analyzed the 
radial distribution functions and internal structures of epoxy resin depending on the 
temperature [6]. Komarov et al. simulated a curing process of epoxy resin using both the 
coarse-graining model and the full atomic model [7]. Varshney et al. conducted a non-
 
 
equilibrium MD simulation to investigate the thermal conductivity of epoxy resin [8]. Li 
and Strachan reproduced the cured structure of epoxy resin using 15,198 atoms, predicted 
the Tg and elastic modulus [9], and also investigated the relationship between strain rate 
and yield stress [10]. Furthermore, Li et al. predicted differences in density, Tg, and elastic 
constant for epoxy resin with different compositions and their results are in agreement with 
experiment values [11]. Ghosh et al. performed MD simulation to obtain the phonon 
dispersion relation in an epoxy, and confirmed the influence of strain and stress gradients 
and their contribution near geometric discontinuities [12]. 
  However, these previous studies could not consider the curing reaction of the base epoxy 
resin and the curing agent appropriately, because the used only the distance between 
functional groups for those reactions. Recently, Estridge pointed out that reaction probability 
affects the final cross-link structures. Generally, Quantum Chemical (QC) calculation is 
required to simulate the reaction process. However, since fewer atoms can be used in QC 
calculation than in MD simulation, quantum MD simulation for the polymer system is 
unrealistic. To overcome these difficulties, MD simulation that approximates quantum effects 
was recently proposed [13, 14]. Okabe et al. [13] predicted curing characteristics for some 
combinations of base epoxy resins and curing agents, using the activation energy and the heat 
of formation obtained using the semi-empirical Molecular Orbital (MO) method. Moreover, 
Okabe et al. predicted the Young's modulus and density for the obtained epoxy resin system 
[15]. Their predicted results agreed with experiment results. Although they successfully 
predicted the properties in their study, the semi-empirical MO method may be inaccurate for 
calculating the transition states (TSs). Hence, the ab initio method is required for accurate 
 
 
calculation. 
The purpose of this study is to refine our simulation procedure by introducing the ab initio 
QC method combined with Global Reaction Route Mapping (GRRM) algorithms [17,18] that 
enable the automatic exploration of TS and energy associated with a chemical reaction. The 
present paper is organized as follows. Section 2 describes the details of the simulation method 
and experimental procedures. Section 3 presents results and discusses validation of the 
proposed approach. Furthermore, we discuss the process of the polymer network formation, 
which is correlated with their physical properties. Finally, Section 4 presents the conclusions 
obtained from this study. 
 
II. SIMULATION AND EXPERIMENT METHODS 
In this study, we investigate diglycidyl ethers of bisphenol A (DGEBA) and tetraglycidyl 
diamino diphenyl methane (TGDDM) as epoxy resins. Further, we utilize 4,4'-Diamino 
diphenyl sulfone (4,4'-DDS) and Iso Phorone Diamine (IPD) as curing agents. Figure 1 
presents their chemical formula. For comparison, DGEBA/4,4'-DDS, DGEBA/IPD, and 
TGDDM/4,4'-DDS, were studied. Their bulk density, Tg, and Young's modulus were 
estimated using simulations and experiments.  
 
 
 
 
Fig. 1. Molecular structures of base resins and curing agents that constitute target materials. 
 
Our simulation consists of three steps. In the first step, ab initio MO calculation is 
conducted to evaluate the activation energies and the heat of formation for MD simulation. 
To determine the TS, the first principle calculation (Hartree-Fock method) is used, along 
with GRRM algorithms. In the second step, curing MD simulation is performed using the 
energies listed above. We can reproduce a polymer network, which cannot be achieved 
using only QMD simulation due to the computational cost. In the third step, MD 
calculations are conducted to obtain thermal and mechanical properties using the obtained 
polymer networks. Details of the calculation procedures are discussed in the following two 
subsections. The experiment procedure to obtain Tg and Young's modulus are also 
described at the end of this section.  
 
 
 
 
A. MO Calculation to Obtain Activation Energy and the Heat of Formation 
Ab initio MO calculation was utilized to evaluate the activation energy and heat of 
formation. MO calculations were performed using a quantum chemistry package program 
(Gaussian09 [19]) at the restricted Hartree-Fock SCF level of theory with 3-21G basis set 
for all atoms (RHF/3-21G). The zero-point vibrational energies at the stationary points 
were also calculated. The reaction pathways from the epoxy reactants to the target products 
on the potential energy surface were searched using the GRRM program [18]. First, we 
used the sphere contraction walk (SCW) method [20] in the GRRM program to obtain 
intermediates on the reaction pathway. Then we applied a two-point scaled hypersphere 
search (2PSHS) method [21] to two equilibrium structures (EQs) located just before and 
after the TS for the ring-opening reaction of the epoxy group. 
B. MD Calculation for Cross-Linked Formation and Physical Properties 
MD simulations were performed to simulate the curing process and investigate the 
physical properties. The number of atoms used in the simulation ranged from 10160 to 
10800. We assigned the COMPASS II force field as the interaction potential for polymer 
materials, and utilized Materials Studio 8.0 to obtain bulk density [22]. The TEAM force 
field [23] and the LAMMPS software package [24] were used to evaluate Tg and Young's 
modulus. 
 
 
 
                        
Fig. 2. Classification of reactions in amino groups of the curing agent. (a) No reaction. (b) First reaction. 
(c) Second reaction. The chemical structure is on the left, and the atomistic models for 4’4-DDS are on 
the right. 
 
Table 1. Calculated energies for the primary and secondary curing reactions using ab initio QC calculation 
Material 
Base resin/Curing agent  
Activation Energy [kcal/mol] 
     1st           2nd 
 Heat of Formation [kcal/mol] 
    1st            2nd         
DGEBA/4,4’-DDS 
TGDDM/4,4’-DDS 
DGEBA/IPD 
    37.91         38.21 
    44.14         48.52 
    47.82         45.51 
   46.04          47.34 
   43.92          25.30 
   39.63          43.27 
 
To reproduce the curing reaction, we employed the Monte Carlo method [13, 14]. The 
criterion for generating cross-linking is determined by a reaction probability (k) based on 
the Arrhenius equation:         
,                     (1)                                                                    
where Ea is the activation energy, R is the gas constant, and T is the local temperature 
around the reactive sites. In addition, A is the acceleration constant, which is set to 1015 so 
exp aEk A
RT
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that the reaction can be reproduced within a realistic computational time. The MC method 
is applied to all the functional groups within the distance 5.64Å [9]. After generating 
covalent bonds between the functional groups, heat of formation ∆H is assigned to the local 
kinetic energy as                                                      
,                 (2) 
where Kmol is the kinetic energy of the molecule, and the subscripts denote before and after 
the reaction. As illustrated in Fig. 2, the primary amines (-NH2) in the epoxy resin 
successively react with the epoxy group. Thus, the primary amine becomes the secondary 
amine once it reacts with the epoxy group. Likewise, the secondary amine (-NH) changes 
to the tertiary amine, and no longer reacts. The calculated results for activation energy and 
heat of formation for the first and second reactions are listed in Table 1. IPD includes a 
cyclohexane with two functional groups: (-CH2-NH2) and (-NH2). We utilized the energies 
calculated with (-CH2-NH2) to simulate the reactions for both functional groups. We 
performed the curing simulation at isothermal (453 K) and isopressure (1atm) conditions 
and defined the curing conversion α by 
    ,                   (3) 
where ftotal is the total number of epoxy groups and freacted is that of the reacted epoxy groups. 
Here, it should be noted that α is different from the degree of cure (φ) obtained from the 
experiments using Differential Scanning Calorimetry (DSC). Here, φ is defined as the ratio 
of measured heat to total heat of reaction, and is standardized so that the final degree becomes 
one.  
mol mol
after beforeK K H= + D
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Physical properties were calculated at each curing stage. First, relaxation calculation 
was performed to obtain equilibrium states and their densities. Second, Tg and Young’s 
modulus were evaluated. The calculation of density ρ requires structural optimization and 
dynamic calculation under the NPT ensemble. The calculated density fluctuates due to 
pressure control. Therefore, averaged densities in the equilibrium state under conditions of 
1atm and 298K were utilized for comparisons. We obtained Tg from the relationship 
between volume and temperature at the NPT ensemble (temperature is increased from 
200K to 600K at a heating rate of 10K/100ps). Volume change was approximated by two 
straight lines using least-square approximation, and the intersection point of those lines 
was defined as Tg.  
Young’s modulus is given as the slope of the stress-strain curves. The simulation cell 
was then elongated in the uniaxial direction using the NPT ensemble to obtain stress vs 
strain curves. The strain rate was set to 5.0×108(1/s), and the simulation cell was deformed 
until the strain reached 3%. Since stress fluctuates in MD simulation, the obtained stress-
strain curves were averaged with 15 different simulations.  
C. Experiment Procedure 
A base resin and a curing agent are mixed by stirring and degassing using a mixer 
(Tninky Corp. Using a DSC 7020 manufactured by Hitachi High-Tech, Inc.). The mixed 
sample is heated from 20 to 280 ◦C at a rate of 10 ◦C /min to cure the resin completely. After 
the sample is cooled to room temperature, it is reheated from 20 to 280 ◦C at a heating rate 
of 10 ◦C /min. Tg was determined as the inflection point of the heat flux-temperature plot. 
A stress-strain curve was measured by a uniaxial tensile test using a tensile testing machine 
 
 
(MTS Landmark 810). The tensile rate is 1mm/min, in accordance with the standard set by 
JISK 7161-2 as standard. Strain gauges (Kyowa Electronic Instruments Co., Ltd.) were 
attached to the dog-bone shaped specimen, following the IBA standard. A tensile test was 
conducted 5 times for each resin, and the averaged values were used for comparison with 
experiments.     
 
III.  RESULTS AND DISCUSSION 
A. Comparison of Simulation and Experiments 
To validate the simulations, we compared them with the experiments for the bulk 
density, Tg and Young’s modulus (Table 2). The simulated results appropriately agreed with 
the experimental results. Obtained experimental data in this study is consistent with previous 
experiments [13, 25]. This comparison indicates that our simulation procedure can reproduce 
the realistic polymer network structures.  
 
 
           Table 2 Comparison of simulation (SIM) and experiment (EXP) results 
Material 
Base resin/Curing agent 
 Density [g/cm3] 
 SIM     EXP 
Glass Temperature [K] 
 SIM     EXP 
Young’s modulus [g/cm3] 
 SIM     EXP 
DGEBA/4,4’-DDS 
TGDDM/4,4’-DDS 
DGEBA/IPD 
1.184    1.237 
1.195    1.286 
1.101    1.147  
478.5    463.9 
532.3    522.1 
426.4    422.4 
3.044    3.057 
4.479    3.636 
3.014    3.471 
 
 
 
 
 
 
 
B. Polymer Network Formation 
Figure 3 plots the history of each curing reaction. The horizontal axis represents the 
conversion of DGEBA/4,4’-DDS, and the vertical axis represents the ratio of four curing 
stages for the amino groups normalized by the total number of reaction sites. The first 
reaction behaves like a quadratic function. Following the first reaction, the second reaction 
is properly reproduced. The experiment tendency measured using near-infrared spectroscopy 
is very similar to the diagram in Fig. 3 [26]. Estridge simulated the curing process considering 
the reaction probability of first and second reactions. Their results indicate that the ratio 
between these two probabilities is vitally important to reproduce the curing process [27]. 
Thus, the activation energy obtained using the ab initio QC method is a key factor to 
reproduce a successive reaction for thermosetting resin. In our simulation, the curing profiles 
can be successfully reproduced without any experiment inputs for the reaction probability.  
 
Fig. 3. Conversion rates for non-reaction, first reaction, and second reaction of DGEBA/4’4-DDS with 
respect to curing conversion. 
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Fig. 4. Weight averaged molecular weights (Mw) with respect to curing conversion for each material 
species. The weights are standardized by their highest value. 
 
The weight averaged molecular weights (Mws) are plotted with respect to curing 
conversion in Fig. 4. These values are normalized using the total molecular weights of all 
atoms in the system. When DGEBA is included in the system, Mw starts to increase at 50% 
curing conversion. In contrast, it drastically increases at 30% curing conversion for TGDDM. 
These results suggest that coarsening behavior is highly influenced by the transition from 
creating small oligomers separately in the system to clustering of these oligomers in forming 
a large polymer network. All molecules in TGDDM are combined into a single molecule at 
65% conversion, whereas the Mw of DGEBA continues to increase until the end of the 
reaction. Furthermore, the slope of the curve in TGDDM bends when the cure conversion is 
45%. This result implies that the intramolecular reaction starts to rise instead of the 
intermolecular reaction, as discussed later. 
 
 
Figure 5 indicates the symbols of the branching structure. In Fig. 5 (a), the circles 
denote the sites that have not yet reacted, and the line which denotes the reaction with another 
type of functional group. Figure 5 (b) depicts the typical network in TGDDM/4,4’-DDS or 
TGDDM/IPD. Blue denotes no branch, orange denotes one branch, silver denotes two 
branches, yellow denotes three branches, and green denotes four branches. Lines not 
connecting other monomers are omitted. This figure includes the formation of a cyclooctane 
(eight-member structure), which can be formed for only TGDDM.  
 
 
Fig. 5. (a) Symbols of base resins and curing agents. The number of lines represents the maximum number 
of reactions. (b) Network structure formed by base resin and curing agent. Colors correspond to the number 
of branches: blue for zero-branched structure, orange for one-branched structure, gray for two-branched 
structure, yellow for three-branched structure, and green for four-branched structure. 
 
 
 
 
 
 
 
Fig. 6. Branch ratios depending on curing conversion. (a) DGEBA/44-DDS. (b) DGEBA/IPD. (c) 
TGDDM/4’4-DDS. Zero-branched (● blue curve), one-branched (■ orange curve), two-branched (◆ grey 
curve), three-branched (▲ yellow curve), and four-branched (＊green curve) structures are presented. 
Colors correspond to those in Fig. 5 (b).   
 
Figure 6 plots the distribution of branching structures versus the curing conversion. 
The ratio is calculated by the number of monomers having branching structures over the total 
number of monomers that have not been reacted. The colors in these graphs correspond to 
the type of branching structure presented in Fig. 5 (b). The curing reactions end at 80 % 
conversion as in the previous experiment [28]. As common features observed in Figs 6(a), 
(b), and (c), one-branched structures (orange curve) dominate growth, and zero-branched 
structures (blue curve) decrease at the initial stage of curing reactions. After the appearance 
of one-branched structures peak out, two-branched ones (gray curve) start to appear. Two-
branching continues to increase and remains the dominant among the possible branching 
structures until the end of the reaction, when DGEBA is used as the base resin. For 
TGDDM/4,4’-DDS, three-branched (yellow curve) and four-branched (green curves) 
structures appear after 65% conversion. Such branching depends on only the number of 
 
 
functional groups in the base resin. Thus, if the base resin is the same, the curing process will 
be quite similar even though the curing agent is different.  
  Monomers having multiple branches always appear when a large molecule forms via the 
curing reaction. Thus, the transition point where the ratio of two-branched structures exceeds 
that of one-branched monomers is a good indicator of the start of intermolecular reactions, 
wherein the reaction occurs in a large molecule. As illustrated in Fig. 6 (c), two-branched 
structures exceed one-branched when the curing conversion is 45%. Figure 4 indicates that 
the slope of the Mw curve in TGDDM also bends when the curing conversion is 45%. This 
agreement implies transition from intermolecular reactions that make one-branched 
structures to intramolecular reactions that make two-, three-,and four-branched structures.  
 
 
Fig. 7.  (a) Formation of eight-membered ring structure. (b) Eight-membered ring ratio vs curing 
conversion for TGDDM/4,4’-DDS. The eight-membered ring ratio is defined as the ratio between 
components having eight-membered rings and the total number of pre-reacted monomers. Curves 
represent the eight-membered ring ratio with different numbers of branches, one-branched (■ orange 
curve), two-branched (◆ grey curve), three-branched (▲ yellow curve), and their total (● blue curve).  
 
 
 
   We also found that an eight-membered ring structure (cyclooctane) forms through 
intramolecular reaction between TGDDM and 4,4’-DDS (Fig. 7 (a)). Figure 7 (b) plots the 
composition ratio of branching structures in eight-membered rings versus curing conversion. 
Eight-membered ring structures start to appear when the curing conversion is 45%. Therefore, 
the formation of an eight-membered ring structure verifies the transition of reaction type from 
intermolecular to intramolecular. The existence of a cyclooctane in thermosetting resin was 
experimentally confirmed by several researchers thirty years ago [29-31]. Here, we also 
investigated stabilization of a cyclooctane after reaction using first-principle QC calculation. 
We searched for stable conformations of optical isomers using the PM6 semi-empirical 
model with a QC program package (Gaussian09 [19]). The obtained structures of TGDDM-
DDS conformers were optimized with the RHF/3-21G level of accuracy. The calculated heat 
of the secondary reaction (DH) was all exothermic (-17.04 kcal/mol or less in consideration 
of all optical isomers), which means a molecular structure is stabilized by formation of a 
cyclooctane.  
 
C. Thermal and Mechanical Characteristics 
Figure 8 plots material properties versus curing conversion. The dashed lines for 
density and Young’s modulus are fitted by straight lines in accordance with previous studies 
[4,7]. The dashed curves for Tg are approximated by the following phenomenological 
equation [32]: !"#!"$!"%#!"$ = '()#()#')( ,      (4)  
where λ is an adjustable parameter, Tg is glass transition temperature, T0g and is glass 
 
 
transition temperature for 0% conversion, and T∞g is glass transition temperatures for final 
conversion.  
 
 
Fig. 8. Conversion dependence of material characteristics. (a) Density. (b) Glass transition temperature. 
(c) Young’s modulus. DGEBA/4,4’-DDS (● blue), TGDDM/4,4’-DDS (▲ grey), and DGEBA/IPD (■ 
yellow). Dashed lines are cures approximated by phenomenological relation. 
 
Curing shrinkage is an important criterion of formability of polymer composites, because 
it causes residual deformation of the products. The difference between DGEBA/4,4’-DDS 
and TGDDM/4,4’-DDS is smaller than that between DGEBA/4,4’-DDS and DGEBA/IPD. 
This is because TGDDM and DGEBA have almost the same backbone structure, although 
they have different numbers of functional groups.  
Young’s modulus of TGDDM is higher than that of DGEBA because there are twice as 
many functional groups in TGDDM as in DGEBA. This is consistent with our previous study 
indicating that a monomer having multi-functional groups in base resin has superior 
mechanical properties, due to the hydrogen-bonding network in the hydroxyl-group.  
As described above, density and Young’s modulus are strongly affected by the non-bonded 
 
 
interaction (hydrogen bonding interaction). However, Tg is affected by branching structures 
that are formed by covalent bonding. Therefore, the difference in Tg between TGDDM and 
DGEBA clearly appears in the final stage of the curing process, because the reaction mode 
transits from the intermolecular to the intramolecular.   
Finally, it should be noted that a contradiction exists between MD simulation and 
experiment results [33]. Recent studies experimentally confirmed the tendency of a 
decrease in Young's modulus after the gelation point for BisPhenolA/3,3’-DDS compound 
(similar to the DGEBA/4,4’-DDS model). This tendency cannot be reproduced by any 
simulations, including ours, although the reason has not yet been determined. This point 
will be studied in the near future. 
 
IV. CONCLUSION 
We proposed a new simulation procedure for the curing reaction of epoxy resin by 
coupling QC calculations with MD simulations. Specifically, we refined our previous 
approach by introducing the ab initio QC method combined with GRRM algorithms. Our 
simulated results are quantitatively validated by experiments including bulk density, 
Young’s modulus, and Tg for DGEBA/4,4’-DDS, TGDDM/4,4’-DDS, and DGEBA/IPD. 
Our simulation indicates that the number of reactive functional groups in a monomer 
greatly changes its cross-linked formation. Base resin having four functional groups 
(TGDDM) represents a complicated curing process that transits from intermolecular 
reaction including oligomer formation to intramolecular reaction. However, for base resins 
with two functional groups (DGEBA), the intermolecular reaction takes place throughout 
 
 
the curing process. Furthermore, for TGDDM, cyclooctanes appear when the curing 
reactions transits from intermolecular to intramolecular. A series of simulated results 
implies that Tg is affected by branching structure. In contrast, curing shrinkage and 
Young’s modulus seem to be affected by the backbone structure in the monomer and 
hydrogen-bonding distributed in the system. In summary, a multistage reaction including 
the formation of a ring structure should be considered to predict the actual thermal and 
mechanical properties in molecular simulation. 
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